Cell migration is guided by one or more spatial (guidmotile, have adhesion to, and traction on, the relevant ance) cues. We reasoned that uniform expression of a substrate, and often need to be actively invasive. To key guidance cue, or a rate-limiting component in its understand how cell migration is controlled, it is thereproduction, throughout the target tissue could be exfore necessary to understand how guidance signals conpected to confuse the migrating cells and thus cause trol the cellular properties of motility, substrate adheinefficient migration. To identify candidate guidance sion, and deadhesion, as well as invasive behavior. 
1C). We therefore call it PDGF/VEGF 1, PVF1. PVF1 afthe oocyte, but now only in the subcortical area of the large oocyte. Thus, the oocyte appears to be the major fects border cell migration whether overexpressed uniformly in the germline (data not shown) or in border cells site of PVF1 protein production. PVF1 is expressed before and as the border cells migrate, consistent with the themselves, consistent with production of a secreted molecule. From an existing collection of P element inserpossibility that PVF1 serves as an attractant for border cells. tions, one line, EP1624, was found to have an insertion in the first intron of the Pvf1 gene ( Figure 1A ). This inserThe Pvf1 1624 mutant was homozygous viable, and analysis of egg chambers from mutant females revealed tion is a loss-of-function mutant of Pvf1 (Pvf1
1624
) with no detectable transcript remaining in the ovary (Fig- minor delays in border cell migration. This phenotype will be described in more detail below. However, two ure 1B).
To investigate whether PVF1 could serve as a guidadditional PDGF, VEGF-like ligands appear to exist in Drosophila (see Experimental Procedures). To overance cue for the migration of border cells to the oocyte, we first analyzed its expression. The Pvf1 transcript was come the potential redundancy between PVF ligands, we therefore searched for a PVF receptor in order to detected in the germline of the ovary at mid-oogenesis, more concentrated toward the oocyte (not shown). To directly investigate its role in border cells. Gene predictions indicated that the Drosophila gelook at the protein expression directly, we raised anti-PVF1 antisera. The anti-PVF1 sera showed specific nome contained a single gene encoding a protein related in sequence and structure to mammalian PDGF and staining in the ovary ( Figures 1D and 1F-1H ), which was absent from mutant egg chambers ( Figure 1E ). PVF1 VEGF receptors (Figure 2A ). We call the protein PVR for PDGF/VEGF receptor. It appears to be the only Drosophwas detected in the oocyte at stage 7 ( Figure 1D ) and at stage 8 ( Figure 1F ), filling the cytoplasm (the unstained ila member of this family of receptor tyrosine kinases, and thus could be the receptor for all three PVF ligands. GV is clearly seen in Figure 1F ). At stage 9, when border cells have initiated migration, PVF1 is still enriched in PVR transcripts are detected in mRNA from ovaries and struct for PVF1 (pRm-PVF1). For binding studies, a PVF1-Alkaline Phosphatase (AP) fusion protein was produced in Schneider cells and harvested in conditioned medium (pRm-PVF1-AP in Figure 2D ). The PVF1-AP fusion protein bound to Schneider cells in a PVR-dependent manner, as binding was significantly decreased by pretreatment of the cells with PVR dsRNA ( Figure 2E) Figure 3A ). We identified PVF1 based on the ability trol stage 10 egg chambers, border cells had reached the oocyte, and the rest were only slightly delayed (control in Figure 3E ). In contrast, almost none of the border cell clusters expressing -PVR had moved at all (-PVR from embryos ( Figure 2B ). Pvr mRNA is detected in emin Figure 3E ). Thus, uniform activation of PVR in border bryonic hemocytes (not shown) and in the related tissue cells blocks migration, as expected for a guidance reculture cells, Schneider cells. We raised antibodies diceptor. rected against the C-terminal tail of PVR. Endogenous Ectopic expression of the ligand PVF1 had a detect-PVR protein was detected in Schneider cell extracts as able but modest effect on migration: All border cell clusan approximately 180 kDa protein ( Figure 2C ), correters had moved by stage 10, and one-third had arrived sponding well to the predicted molecular weight of 170 at the oocyte (PVF1 in Figure 3E ). Increased expression kDa. The protein band became undetectable after treatof the wild-type PVR receptor in border cells had, on its ment of the cells with double-stranded RNA directed own, a negligible effect on migration (Figures 3C and against Pvr (PVR dsRNA), confirming the specificity of 3E), but it sensitized the cells to ectopic expression of the antibody ( Figure 2C ). As expected, a stronger signal PVF1. Upon coexpression of PVR and PVF1, one-fourth was observed upon transfection with an expression conof the stage 10 border cell clusters were at the oocyte, struct for PVR (pRm-PVR).
PVF1 (
but another fourth had not moved at all (PVF1ϩPVR in We used Schneider cells to determine whether PVF1 Figure 3E ). The effect was specific to PVF1, as border could bind to and activate PVR. The anti-PVF1 antibody cells were not sensitized to ectopic expression of the detected a specific band of about 36 kDa in conditioned EGFR-ligand Vein. In fact, PVR overexpression ameliomedium from Schneider cells ( Figure 2D ). This appeared rates the effect of ectopic Vein expression (compare to be secreted PVF1, as a stronger signal at the same Vein and VeinϩPVR in Figure 3E ), a point which will be position was observed in conditioned medium from Schneider cells transfected with an expression conaddressed further below. Figure 4D ). This phenotype was similar to that seen in Pvf1 homozygous mutant females (Pvf1 1624 in Figure 4D ), indicating that PVF1 is the major endogenous ligand for PVR in this context. Thus, PVR signaling, and lack thereof, affects the efficiency of border cell migration, but it is not essential for the process.
In addition to PVR, EGFR also has properties consistent with a role in guiding border cells to the oocyte: both receptor tyrosine kinases are expressed in border cells, and their ligands are found in key locations in the germline. Both give similar gain-of-function effects, and both dominant negative receptors give subtle effects with respect to migration to the oocyte ( Figure 4D ). One possible explanation for the subtle dominant negative effects is that the receptor/ligand pairs are partially redundant. We first addressed this possibility by coexpressing both dominant negative receptors in border cells. This gave a very dramatic effect. Border cells expressing both dominant negative receptors migrated very inefficiently ( Figures 4C and 4D) . When quantified at stage 10, 90% of border cell clusters expressing both dominant negative receptors had migrated less than halfway to the oocyte (DN-PVRϩDN-DER in Figure 4D ). In 5% of egg chambers, border cell clusters were found 
PVR (and corresponding ligand) are left intact, border

accumulation, actin-rich extensions, and changes in cell been implicated as a mediator of the effect of PDGFR on Rac in Swiss 3T3 cells (Nobes et al., 1995). However, shape were produced in -PVR expressing follicle cells (green arrows). The normal cells have modest cortical PI3K does not appear to play a key role in guidance of border cell migration as discussed above. To investigate F-actin accumulation (white arrowheads). This result was likely to be relevant to the guidance function of
how PVR might lead to activation of Rac, we tested two groups of Drosophila mutants for their effect on border PVR, as direct control of F-actin accumulation would allow receptor activation to control cell migration. cell migration: mutants in genes shown to be downstream of receptor tyrosine kinases in other contexts, The actin cytoskeleton has been shown to be affected by small GTPases of the Rho superfamily in many sysand mutants linked to Rac activation (Table 1) . Most mutations were homozygous lethal, so their effect in tems (Hall, 1998), with the exact effects depending on the cellular context. In this system, Rac was an attractive border cells was tested by generating mutant clones in a heterozygous animal (mosaic analysis). Of the 8 genes candidate for mediating the effect of activated PVR, as dominant negative Rac (RacN17) had previously been tested, only myoblast city (mbc) had a detectable effect on border cell migration. Mbc is homologous to mammashown to inhibit border cell migration (Murphy and Mon 6C and 6D) . At stage 10, when 100% of control (GFP) 1996), we reexamined this using the slboGal4 driver and found that activated Rac completely blocked border cell clones have reached the oocyte, only 10% of mbc mutant border cell clusters had done so, and these were migration ( Figure 5D ). These results are consistent with a role of Rac in the guidance pathway downstream the oldest egg chambers. Thus, mbc is not absolutely required for border cell migration, but, contrary to the of PVR.
In mammalian tissue culture cells, PDGF stimulation other genes implicated in RTK and Rac signaling ( 
